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Abstract 
This work demonstrates the possibility for low-temperature Liquid-Phase Epitaxy (LPE) growth of lattice matched to 
GaAs substrate dilute nitride InGaAsN layers with good crystalline quality and high Hall electron mobility. X-ray 
microanalysis and X-ray diffraction methods have been used to determine the composition and crystalline quality of 
the grown InGaAsN layers. Surface roughness is examined by atomic force microscopy. N-related local vibration 
modes are observed by Raman scattering. The Hall electron mobility and free carrier concentration have been 
measured in the temperature range 80-300K by conventional Van der Pauw method. 
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1. Introduction 
The dilute nitrides such as the quaternary InGaAsN have a great promise for application in multijunction 
solar cells, but up to now, the poor quality of the materials limit the performance of such cells. The 
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incorporation of a small quantity of nitrogen into GaAs causes a dramatic reduction of the band gap 
[1], but it also deteriorates the crystalline and optoelectronic properties of the dilute nitride materials, 
including reduction of the photoluminescence intensity and lifetime, reduction of electron mobility and 
increase in the background carrier concentration. Technologically, the incorporation probability of 
nitrogen in GaAs is very small and strongly depends on the growth conditions.  GaAsN - based alloys 
and heterostructures  are primarily  grown by metalorganic vapour-phase  epitaxy  (MOVPE)  and  
molecular-beam  epitaxy  (MBE), but the material  quality  has been inferior to that of GaAs. Peak 
internal quantum efficiency of 70 % is obtained for the solar cells grown by MOVPE [2]. Internal 
quantum values near to unit are reported for a p-i-n GaInAsN cell grown by MBE [3], but photovoltages 
in this material are still low.  Recently chemical-beam epitaxy [4,5] has been developed in order to 
improve the quality  of the grown layer, but today it remains  a challenge to grow dilute nitride 
materials with photovoltaic quality. 
 In this contribution we present some results on structural and electrical characteristics of thick nearly 
lattice matched InGaAsN layers, grown by low-temperature LPE. In the literature there are only a few 
works of one group on dilute nitride GaAsN grown by conventional LPE [6].  
2. Experiment
InGaAsN compounds were grown by the horizontal graphite slider-boat technique for LPE on (100) 
semi-insulating or n-type (100) GaAs substrates. Starting materials for the solutions consisted of 
99.9999 % pure In, Ga, polycrystalline GaAs and GaN. The charged boat was heated at 750oC for 1 h in a 
purified H2 gas flow in order to dissolve the source materials and decrease the contaminants in the melt. A 
series of nearly-lattice matched InGaAsN epilayers 1.3-1.4 μm thick have been grown from In-rich 
solution containing 1.5 at.% polycrystalline GaN as a nitrogen source in the temperature range 610 – 
580 oC at a cooling rate 0.6 oC/min. The composition of the epitaxial InxGa1-xAs1-yNy layers was 
determined by a combination of X-ray microanalysis and X-ray diffraction (XRD) measurements. XRD 
measurements were made on a Bruker AXS D8 Advance diffractometer with a copper anode. X-ray 
microanalysis was performed using an X-ray microanalytical system Philips SEM 525M / EDAX 9900. 
The Raman spectra were excited with the 488 nm Ar ion laser line and recorded with a Horiba Jobin 
Yvon LabRAM HR800 spectrometer using a microscope in back scattering configuration. The 
measurement was performed on a (100) surface in the z (xx)-z polarization with x along (110) and z along 
(001). The surface roughness of the samples was examined by atomic force microscopy (AFM). AFM 
micrographs were obtained on a Nanosurf  easyScan 2 microscope.  
The Hall mobility and carrier concentration in the layers were measured by the Van der Pauw–Hall 
technique on 5×5 mm2 square samples, with alloyed In ohmic contacts. 
3. Results and Discussion 
Typical XRD rocking curves for as grown layers are plotted in the Fig. 1. Two prominent peaks 
associated with the GaAs substrate and the quaternary InGaAsN layer are observed. The lattice mismatch 
¨a/ao determined from the XRD spectrum is ~ 0.1%. The In concentration of the layers measured 
separately by X-ray microanalyses is 6.4%. Using Vegard’s law the N content in the InGaAsN layers is 
determined to be 2.8%. In the ideal case N atoms are incorporated predominantly in the As-sublattice 
substituting As atoms. However, it is known that there are some other N configurations: N-As split 
interstitial, N-N split interstitial and isolated N interstitial. The effect of the N-N interstitial is very small 
and can be neglected.  Also the formation of isolated N interstitials is unlikely due to the high formation 
energy [7] and their concentration in GaAsN is very small. While the substitutional NAs atoms compress 
the lattice constant, the N-As complexes expand the lattice constant of InGaAsN in the growth direction. 
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So, XRD may have underestimated the N concentration in the layer. It is experimentally found that 
Vegard’s law is a good approximation for GaN in the layer up to 3 mol. % [7,8]. 
A three-dimensional AFM image of an as grown 1.3-μm-thick InGaAsN layer is presented in Fig. 2. 
The measured root-mean-square (RMS) roughness on 1-micron area is 0.42 nm. 
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Fig. 1 XRD rocking curves of InGaAsN sample.                    Fig. 2. AFM image of the surface of as grown InGaAsN.  
      
Fig.3. presents Raman spectra of the nearly lattice matched InGaAsN layer. In Fig. 3a the GaAs-like 
zone centre LO (*) and TO (*) vibrations are clearly visible. A weak feature at 223 cm-1 is observed, 
which can be attributed to the zone boundary LA (X) phonon [9]. The fact that the TO (*) band and the 
zone boundary LA (X) one are visible demonstrates the perturbation of the host lattice by the 
incorporation of N and In. In Fig. 3b beside the second order Raman band indicated in the figure some 
weak features are evident, which we attribute to local vibration modes of N. 
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Fig. 3. Raman spectra of the nearly lattice matched InGaAsN layer in the region of the main GaAs Raman bands (a) 
and the second order bands (b). 
 
In the Fig. 4 are plotted the log of the Hall carrier concentration nH vs. reciprocal temperature for as 
grown undoped lattice matched InGaAsN in comparison with a metamorphic In0.065Ga0.935As layer grown 
at the same growth conditions. The samples are of n-type and for the layer containing nitrogen electron 
concentration increases more than one order of magnitude. This could be explained by the assumption 
that nitrogen behaves mainly as an isoelectronic donor which arises from the local heterojunction scheme 
GaAs-GaN according to Belliache [10]. The large increase of the free electron concentration is due to N-
induced modification of the conduction band edge predicted by the band anticrossing model [11]. The 
a
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increase in nH has also been observed in Ga1í3xIn3xNxAs1íx alloys doped with Se [12] and GaNxAs1íx 
doped with S [13]. The maximum achievable free electron concentration values for these samples are 
higher than those determined from the amphoteric defect model [14]. For undoped InGaAs, the log of nH 
decreases linearly in the explored temperature range, 80 - 300K, typical for slightly degenerate III-V 
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Fig. 4.  Temperature dependence of free carrier concentrations for InGaAs and lattice matched InGaAsN layers   
 
semiconductors. However, for N-containing film, two distinct temperature regimes with different 
temperature dependence of nH are observed. The Hall electron concentration decreases as the temperature 
decreases down to about 200 K, indicating the presence of thermally activated deep donor levels within 
the dilute nitride bandgap. The saturation of nH at low temperature (T< 200K) is attributed to fully ionized 
shallow donors. This behavior could be explained by the presence of two donor levels in the InGaAsN 
bandgap, one being a shallow N isoelectronic donor and the second, a thermally activated deeper donor, 
presumably N-related deep-level defects typically associated with different N-cluster states. 
Fig. 5 presents the temperature dependencies of the Hall-mobility for the same samples. A well 
expressed low-temperature mobility decrease for the dilute nitride InGaAsN sample is observed which 
could be explained by the temperature dependence of the conduction band edge energy. It is closer to the 
N defect levels at lower temperatures, increasing the scattering cross-section. The mobility of the 
metamorphic InGaAs layers is low, down to 500 cm2/V.s, since it possibly contains threading dislocations 
of high density and the latter cause relatively poor material quality. High values over 2000 cm2/V.s for the 
Hall mobility are exhibited by the lattice matched to the GaAs substrate InGaAsN sample. These values 
are about the theoretical limit predicted by Fahy and O’Reilly [15] and among the highest reported for 
lattice matched thick InGaAsN layers. 
 
50 100 150 200 250 300
480
490
500
510
520
530
540
H
al
l m
ob
ili
ty
, c
m
 2
/ V
.s
T, K
InGaAs
50 100 150 200 250 300
2100
2150
2200
2250
2300
H
al
l m
ob
ili
ty
, c
m
 2
/ V
.s
T, K
InGaAsN
  
 
Fig. 5. Hall mobility as a function of temperature for metamorphic InGaAs and lattice matched InGaAsN layers.  
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4. Conclusion 
Lattice-matched conditions for coherent growth of InGaAsN layers on GaAs have been found. 
Temperature dependent electronic transport measurements show a thermally activated increase in free 
carrier concentration at measurement temperatures higher than 200 K, suggesting the presence of a carrier 
trapping level below the InGaAsN conduction band edge. Nearly lattice matched to GaAs substrate thick 
InxGa1-xAs1-yNy (x~ 6,4%, y~2,8%) layers exhibit high values over 2000 cm2/ V.s for the Hall electron 
mobility.  
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